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Abstract: Ablation and plasma mirror characteristics of Borofloat, BK7, and B270 glasses
processed with 34 fs pulses of 800 nm central wavelength are compared in the 1014–1015 W/cm2
intensity domain. With thresholds of 1.7-1.9× 1014 W/cm2, higher than those of fused silica,
and depths saturating above 5×1014 W/cm2, the three glasses behave similarly from the point of
view of ablation. With reflectivity enhancements comparing favorably with that of fused silica,
the glasses prove to be good plasma mirror hosts. With the steepest increase in time integrated
transient reflectivity with intensity, Borofloat is the most promising candidate.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
The plasma mirror, PM technique has successfully been applied for the improvement of the
temporal contrast [1–6]. A bottleneck is the damage of the hosting surface due to the concomitant
ablation. Since each shot reduces the area available, when working at high repetition rate the
target will rapidly be consumed. There is therefore a demand for commercially available, cheap
target materials, possessing appropriate plasma mirror characteristics together with the possibility
of surface regeneration. When assessing the competitiveness of the candidates the behavior of
the transient reflectivity and the response of the material to the ablating laser pulse should be
considered correspondingly.
Already early studies on the effect of pulse duration [7–12] revealed that the smaller the
pulse duration the higher was the intensity required to ignite ionization, i.e. PM formation.
The dependence of the transient reflectivity of the plasma on laser intensity/fluence was mainly
recorded for fused silica targets [10–19]. There were several attempts to find self-healing
alternatives with appropriate PM properties, like water [5,20], organic fluids [2,5], polymers [4],
liquid crystal [21] and VHS tape [22]. Optical glasses received astonishingly little attention: we
could find data only for BK7 glass [23,24].
The effect of pulse duration on the ablation characteristics of dielectrics has also a long history
[25–34] revealing that pulse shortening results in more deterministic [32,35] and cleaner [33,35]
ablation. The variance in the response of different target materials to irradiation with ultrashort
pulses was examined as well [16,36–38]. Single pulse ablation characteristics of silica have
been reported [16,30,33–35,37,39–45]. CaF2 [46], sapphire [16,40,47], various types of glasses
[38,41,42,48–51] and even polymers, e.g. PET [52] and PMMA [53] were also investigated in
the intensity domain of PM formation.
While showing a wide diversity of process parameters all papers cited above are in accord in
describing either the optical response or the ablation characteristics of the materials investigated.
There were very few attempts to connect both aspects e.g. [17,18,34]. In this paper we report a
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comparative study connecting the PM and single-shot ablation characteristics of three optical
glasses considered as promising candidates for replacing fused silica in plasma mirror based
contrast enhancement.
2. Experimental
A modelocked laser oscillator (Spectra-Physics Rainbow CEP4, 800 nm), and Ti:sapphire based
CPA amplifier operating in the TeWaTi laser lab at University of Szeged [54] provided 34± 0.16
fs pulses with 1 mJ maximum pulse energy. The energy stability at the output of the amplifier was
better than 1% (RMS). The temporal contrast of the pulses after amplification was 107 measured
by a third order cross-correlator (SEQUOIA from Amplitude Technologies). The experimental
setup is sketched in Fig. 1. In order to select single pulses from the output of the amplifier the
repetition rate was decreased to 1 Hz and an optical shutter (Thorlabs Inc. SH05) with a benchtop
shutter controller (Thorlabs Inc. SC10) was used. Reliable and reproducible variation of the
pulse energy was achieved by a polarization-rotation based beam attenuator. Pulse energies tuned
from 90 up to 430 µJ were measured with a Gentec QE50SP-H-MT-V0 energy meter right after
the attenuator with relative deviation better than 5%. An off-axis parabolic mirror (Thorlabs Inc.
MPD169-P01) focused the beam onto the target placed before the focal plane, i.e. in converging
beam path. The reflected focal length (RFL) of the focusing mirror is 152.4 mm which allows
focusing of the beam with an F-number of f/19.
Fig. 1. Scheme of the setup. M1-M4: flat silver mirrors; I1- I3: iris diaphragms; S: optical
shutter; WP: half-wave plate; PC: polarization beamsplitter cube; BD: beam dumper; T1:
translation stage toward z-direction; T2: translation stages toward x-y directions; OAPM:
off-axis parabolic mirror; L: bi-convex lens; F: filters; PD: photodiode.
Uncoated optical glass pieces of Schott’s BOROFLOAT (Edmund Optics #48-542) N-BK7
(Eksma Optics #215-0222) and B270 Superwhite (Edmund Optics #48-538) were used as targets
at 45° angle of incidence. Pristine surface was ensured shot-to-shot by positioning the target using
translation stages. The beam reflected from the sample surface was focused onto the photodiode
PD (Thorlabs DET36/A) by a lens of 35 mm focal length and 25.4 mm aperture size. Longpass
filters with cutoff wavelength of 620 nm were applied to exclude the light of the plasma while
reflective filters in front of the photodiode reduced the intensity to appropriate levels. Therefore
the signal detected by PD scales with the energy reflected from the processed target.
At each pulse energy 11 holes were ablated firing 11 individual pulses onto the target surface.
The shape of the ablated holes was characterized by a Veeco DEKTAK8 stylus profilometer. The
actual traces were recorded with 0.1 nm vertical and 0.17 µm lateral resolution. The diameter
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and depth values defined as the distance between the two points where the trace crosses the zero
height level and the maximal difference between the zero level and the deepest point of the trace,
respectively, were derived from line scans at the center of the spots along the minor axes. Note
that the deepest point and the center of a hole did not necessarily coincide. The diameter and
depth data given below are 11 holes averages.
To determine the actual diameter of the beam on the sample surface the well-known expression
connecting the ablated hole diameter with the fluence, and thus pulse energy was applied [55]:
D2 = 2w2ln(F/Fth), (1)
where w is 1/e2 beam radius while F and Fth stand for the peak and ablation threshold fluencies,
respectively. In Fig. 2 a linear relationship with the logarithm of the energy is clearly visible,
indicating that even though the measurements were carried out in air, nonlinear effects were not
occurring.
The actual peak fluencies and peak intensities were calculated by the diameter-regression
technique [44] according to the following expressions:
F = 2Ep/(piw2√2), (2)
I = 2Ep/(piw2τ√2), (3)
where Ep denote the pulse energy and τ is the full width of half maximum (FWHM) pulse
duration, taking into account the actual spot radii on the surface (25.1, 26.05 and 24.83 µm) for
Borofloat, BK7 and B270, respectively.
Fig. 2. Determination of the beam radius on the surface of the B270 glass target using
linearization of the recorded hole diameters.
3. Results
In Fig. 3 the diameter and the depth of the ablated holes are plotted together with the photodiode
signal as a function of laser intensity for the three glasses. In order to demonstrate the repeatability
of the experiments, two diameter/depth/PD signal vs. intensity functions are presented for each
glass derived from two independent measurement series in which each data point has been
calculated as the average of the respective diameter/depth/PD signal value measured on 11 holes
ablated with the same intensity. The two series appear in Fig. 3 as triangles and circles. The
measurement error was generally less than the symbols.
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Fig. 3. Ablation and transient reflectivity characteristics of the glasses investigated. Minor
diameter: a-c, maximal depth: d-f of the ablated holes and the reflected signal: g-i for
BOROFLOAT, BK7 and B270 targets, respectively.
The ablation characteristics proved to be very similar. The threshold intensities have been
determined from the intensity dependence of hole diameters using the regression technique [e.g.
44]. The 1.72± 0.06 1014, 1.89± 0.16 1014 and 1.75± 0.09 1014 W/cm2 values calculated as
averages of the thresholds derived for the two series (indicated as vertical dashed and dash-dotted
lines in Fig. 3.) for Borofloat, BK7 and B270, respectively, are equal within measurement error.
Above the ablation threshold the diameter values follow the well-known logarithmic dependence
[37,44,48,55,56] in the whole range investigated reaching similar values around 45 µm at 9×1014
W/cm2. The depths increase with increasing intensity and – contrary to the diameters – show
saturation which starts at slightly different intensities: above 6×1014, 5.5×1014 and 5×1014 W/cm2
for Borofloat, BK7 and B270, respectively. The maximal depth values decrease moderately in
the Borofloat-BK7-B270 order reaching 250, 240 and 220 nm, respectively. The corollary: the
Borofloat, BK7 and B270 glasses behave similarly from the point of view of ablation.
The photodiode signal vs. intensity functions can be fitted by two straight sections with
different slopes joining in the vicinity of the ablation threshold for all glasses (Figs. 3(g)–3(i)).
The fits have been calculated taking into account the data points of both series. Below the
threshold the slopes of the curves differ only slightly, while clearly deviating when exceeding
it. As seen in Figs. 3(g)–3(i) the ratio of the slopes of the three straight lines representing the
extrapolation of the first sections of the fits (solid lines): 0.96:1.18:1.20 well coincides with the
ratio of the absolute values of the front side permanent reflectivities of the p-polarized beam at
45° of the respective glasses: 0.0068:0.0089:0.0093 as measured by spectroscopic ellipsometry.
The dependence of the PD signal as a function of intensity below the ablation threshold can
thereby be associated with the change in the permanent reflectivity.
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The emergence of the plasma mirror results in a steep increase in the reflectivity above
the threshold. This increase is the most significant for the Borofloat glass, while the smallest
slope appears for B270. Accordingly, the PD signal reaches the largest values in the case of
the Borofloat samples at 400mV, while the maxima are 300 and 250mV for BK7 and B270,
respectively. For the latter two the reflectivity saturates at the highest intensities, which along the
different slopes and maxima emphasizes the different reflectivity behavior of the three glasses.
4. Discussion
4.1. Ablation characteristics
The model material of the ultrashort pulse ablation of dielectrics is fused silica
[16,30,33–35,37,39–45]. A comparison of the results is nevertheless hardly feasible due
to the diversity in pulse duration and focusing.
In which there is consensus is the fluence/intensity dependence of the dimensions of the
ablated holes [18,34,37,39]. The diameter/depth vs. intensity functions in Figs. 3(a)–3(f) show
the well documented behavior: a rapid increase in depth and diameter above threshold followed
by leveling for depth and linear increase with a moderate slope for diameter [e.g. 34]. The
evolution of the transient reflectivity in Figs. 3(g)–3(i) further substantiates the conclusion of
the authors [34] that the change in the ablation characteristics is due to plasma formation. The
increase in reflectivity explains the saturation of the growth in the ablated volume normalized to
pulse energy described by Varkentina et al. [17] as well.
Another firmly confirmed trend refers to the dependence of the ablation threshold on pulse
duration: Studies performed in the 7–300 fs domain [33,37] suggest that when keeping the spot
area fixed increasing pulse duration leads to an increase in the threshold fluence. In terms of
intensity this relation behaves the opposite way: the thresholds decrease with increasing pulse
duration [33,37]. Comparison of the absolute values of the thresholds is still a challenge because
of the differences in process parameters. Chimier et al. [33] Hoffart et al. [37] and Xu et al. [39]
report very similar thresholds: around 2.5 J/cm2 & 0.8× 1014 W/cm2 (cf. Table 1). These values
are roughly half of those derived for the three glasses.
Table 1. Compilation of ablation threshold data related to fused silica and glasses reported in the
literature.
What is unexplored yet is the effect of the spot dimensions on the ablation characteristics.
Thresholds range from 2.6 J/cm2 (0.74× 1014 Wcm−2) [39] to 5.4 J/cm2 (0.45×1014 W/cm2) [33,
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37 and 16]. Systematic studies intended for the clarification of the effect of spot dimensions on
the ablation characteristics would be most welcome.
Results on glasses ablated by fs pulses are scarce [38,41,42,48–51] (cf. Table 1). The thresholds
reported scatter between 2.53 - 7.23 J/cm2 depending on the process parameters. Taking into
account that Ben-Yakar et al. [48] defined Φth as Ep/piw2 and worked at 200 fs, the 2.55 J/cm2
threshold corresponding to 2.55× 1013 W/cm2 fits fairy well our 5.85 J/cm2 (1.72± 0.06× 1014
W/cm2) value. Grehn et al. [38] report 4.4 J/cm2 (3.66× 1013 W/cm2) as the 2Ep/piw2 ablation
threshold of the Borofloat glass. The intensities are below ours due to the higher pulse durations.
The 5.6 J/cm2 (3.7× 1013 W/cm2) thresholds given by Campbell et al. for BK7 [49] and the
4.9-5.7 J/cm2 range of thresholds reported by Lee et al. [51] for soda-lime glass matches our
5.85-6.42 J/cm2 domain.
In summary: According to our results the thresholds derived for Borofloat, BK7 and soda-lime
glasses are the same within experimental error. Whenever comparison is feasible, the glass
thresholds prove to be systematically higher than those of fused silica: For pulse durations around
30 fs, the fluence threshold of the glasses is approximately two times higher. In the 100-300 fs
domain the tendency remains: the 4.4-5.6 J/cm2 values reported for glasses [38,48,49] exceed
the 3.4-4.5 J/cm2 fused silica thresholds [33,34,37].
4.2. Transient optical response
As the ratios of the measured (PD) to extrapolated permanent (PDpermanent) signal values (dotted
vs. continuous lines in Figs. 3(g)–3(i) and Fig. 4(a) give the ratios of the transient to permanent
reflectivity, the enhancement in reflectivity is defined as (PD-PDpermanent)/ PDpermanent. Below
plasma threshold the data points should be zero by definition. The negative values come from
the measurement error in photodiode signal, PD. According to Fig. 4(b) the reflectivity above
threshold increases with >400, ∼200 and ∼130% at 8× 1014 W/cm2 as compared to the respective
permanent reflectivities for Borofloat, BK7 and B270, respectively. The rate of enhancement
in reflectivity at intensities exceeding the threshold is the highest in the case of the Borofloat,
the BK7 and B270 possessing less increase as quantified by the slopes (at) of the straight lines
fitted to the measured data: dotted lines in Fig. 4(a). The transient reflectivity of the B270 glass
reaches its maximum with ∼150% at around 6× 1014 W/cm2, decreasing with further increase in
the intensity. Leveling characterizes the behavior of BK7 while the increase in the reflectivity
measured in the case of the Borofloat glass does not reach its maximum in the intensity domain
investigated.
The time integrated transient reflectivity results reported in literature are dominated by studies
on fused silica as well. Both Ziener et al. [10] and Dromey et al. [15] report an increase from
0.04 at 6× 1013 W/cm2 up to 0.8 at 3× 1015 W/cm2 followed by leveling and dropping down
above 1016 W/cm2 for 90 fs@800 nm pulses under an incident angle of 6°. For the angle of
incidence of 18° the reflectivity rises from 0.04 to 0.75, while for 45° it reaches 0.65 starting from
∼0.02 [10]. For 60 fs@800 nm pulses, s-polarisation, at 45° Doumy et al. [11] report reflectivity
values increasing from 0.1 to 0.7 as a function of fluence. With similar incidence conditions 7
fs@730 nm pulses induce an increase from ∼0.07 to 0.6 for s-polarized and an increase from
∼0.005 to 0.37 for p-polarized beam [12].
The transient reflectivity enhancements of 400, 200 and 150% (Fig. 4(b)) are associated with
maximum reflectivity values of 0.034, 0.027 and 0.023 at intensities of 8× 1014, 6× 1014 and
6× 1014 W/cm2 for Borofloat, BK7 and B270, respectively. These values are much less than those
reported for fused silica [10–12,15], which is realistic taking into account that our measurements
were performed at 45° incidence, p-polarization and in a lower intensity domain. Nevertheless,
since the spot radii of the processing beam (7.5 µm [12], 15 µm [11] and >100 µm [10,15]) differ
considerably from our 25± 2 µm value the comparison of the absolute values of the reflectivity is
not really straightforward.
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Fig. 4. The low intensity parts of the PD signal vs. intensity curves (a) and the enhancement
in reflectivity defined as (PD-PDpermanent)/PDpermanent (b) for Borofloat (blue), BK7 (green)
and B270 (red) glasses.
The comparison of the enhancement in reflectivity [17] is however a viable approach. The
increase in reflectivity recorded for BK7 (Fig. 4(b)) matches perfectly the value reported in [17]
describing an increase from 0.068 to 0.2 in the transient reflectivity meaning an enhancement of
200% when ablating fused silica by 500 fs@1025 nm pulses. In the case of fused silica the steep
increase in reflectivity starts when the fluence exceeds ∼1.5 times the ablation threshold, Φth
while the reflectivity maximum is reached at 5Φth with saturation after. Despite the differences
in both the material and pulse duration the BK7 possesses exactly the same characteristics: at
low fluencies until ∼1.5Φth the constant reflectivity values indicate the lack of dense plasma
formation. Above this fluence the reflectivity increases rapidly until 200%, marking dense plasma
formation acting as plasma mirror. The explanation of the saturation of the reflectivity above
∼4.5Φth remains open.
The different growing rates of the reflectivity enhancement vs. intensity curves above the
ablation threshold in Fig. 4(b) indicate that the characteristics of the plasma mirrors formed are
different in the case of the three glasses investigated.
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4.3. The origin of the reflectivity behavior
In a quest for understanding the origin of the differences the relation between the reflectivity
and the amount of material ablated was first assessed. In calculating the volume of the ablated
material the shape of the ablated region was assumed to be an elliptic cylinder the volume of
which was calculated as V=(d2 pi
√
2/4)h, where d and h denote the smaller diameter and the
depth of the ablated spot, respectively. While this approximation results in a small overestimation
at low intensities where the shape is Gaussian-like, but is sufficiently correct at high intensities
where the shape can be well approached by a cylinder, it is appropriate for comparison.
As seen in Fig. 5 the ablated volume increases linearly with increasing pulse energy up to
∼250 µJ for all three glasses. Since this value marks the onset of the saturation in ablated hole
depth (c.f. Figs. 3(d)–3(f)) above this energy the rise in ablated volume slows down. At the
highest pulse energies roughly 550 µm3 material is ablated in all cases. The similarity of the
three curves supports again that the three glasses behave akin from the point of view of ablation
and suggests thereby that the differences in the intensity dependence of the reflectivity cannot be
correlated with the dependence of the ablated volume.
Fig. 5. The ablated volume as a function of the pulse energy for a) BOROFLOAT b) BK7
and c) B270.
The differences in the measured PD signal vs. ablated volume functions (Fig. 6) support more
directly this statement. Up to ∼250 µm3 the PD signal increases approximately linearly with the
ablated volume for all three glasses. Above this threshold linearity is kept for B270, a steeper
increase sets on for BK7, Borofloat producing the highest increase in reflectivity. The behavior
of the reflectivity as a function of ablated volume further substantiates that the volume is not the
parameter that could explain the observed differences.
Fig. 6. The reflected signal as a function of the ablated volume for a) BOROFLOAT b) BK7
c) B270.
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To understand the observed discrepancies, it should be kept in mind that the time scale and
therefore the processes involved in plasma mirror formation and material removal are significantly
different [57]. By measuring the reflectivity of the ablating femtosecond pulse we examine the
first step which explains why the volume approach failed.
Grehn et al. [38] explained the composition dependence of the ablation characteristics by the
difference in the average dissociation energies of the glasses. In our case these energies proved to
be similar, in line with the similarity of the ablation thresholds measured. Extending this approach
for the explanation of the optical characteristics, we estimated the average number of electrons,
ne,av, participating in the formation of 1mol glass for describing the composition dependence of
the reflectivity. The numbers of electrons calculated according to the molar concentration of all
subunits together with the composition of the respective glasses are summarized in Table 2.
Table 2. Composition and the calculated average electron number (ne, av) of the investigated
glasses and fused silica.
Material
Constituents (wt%)
ne,av
SiO2 B2O3 Na2O K2O CaO ZnO BaO Al2O3 As2O3 TiO2 Sb2O3
BOROFLOATa 81 13 4 - - - 2 - - - 4.19
BK7b 70 10 10 6 - - 3 - 1 - - 3.91
B270c 69 - 8 8 7 4 2 - - 1 1 3.48
Fused silica 100 - - - - - - - - - - 4.0
adata provided by Schott
bdata provided by Eksma Optics and [58]
cdata from [59]
According to the calculation most electrons are involved in the formation of the Borofloat
glass which actually exhibits the highest plasma mirror reflectivity. With 3.91 BK7 possesses the
second highest, while B270 with 3.48 shows the lowest reflectivity. It can be concluded thereby
that the variation in the integrated plasma mirror reflectivity well correlates with the average
number of electrons involved in the glass formation. With 4.0 the average electron number of
fused silica is nearest to that of BK7, 3.91. The reflectivity enhancement reported for fused
silica [17] is identical to the measured enhancements in Fig. 4(b) for BK7, further supporting
that the similarity in the numbers of bond electrons involved in the plasma formation induces
akin reflectivity enhancements proving that our electron number approach offers a plausible
explanation for the differences observed in the reflectivity values of the three glasses investigated.
5. Conclusion
The Borofloat, BK7 and B270 glasses behave similarly from the point of view of ablation. The
intensity thresholds lie in the 1.7-1.9× 1014 W/cm2 domain. Above threshold the diameter
values follow logarithmic dependence. The depths saturate above 5×1014 W/cm2 with 250, 240
and 220 nm for Borofloat, BK7 and B270, respectively. Comparison of the few glass ablation
threshold values available in the literature is not straightforward due to the high scatter in pulse
durations and spot sizes, nevertheless our results suggest that the glasses investigated exhibit
higher ablation thresholds as compared to that of fused silica.
The high intensity optical response of the glasses is different. The Borofloat glass possesses
the steepest increase in time integrated transient reflectivity with intensity. The difference in
the average number of electrons participating in the formation of 1 mole glass gives a plausible
explanation for the differences in the reflectivity.
The message of the comparison of the ablation and optical characteristics in the high intensity
domain is that the knowledge of the answer of the material to ablation is not enough to predict the
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optical response. Optical glasses can be good plasma mirror hosts because of uniformly shallow
holes and with reflectivity enhancement comparing favorably with that of fused silica. Out of the
three glasses the highest transient reflectivity prefers Borofloat as potential plasma mirror target.
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